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Longwave UV Light Induces the Aging-Associated
Progerin
Hirotaka Takeuchi1,2 and Thomas M. Ru¨nger1
Premature aging in Hutchinson–Gilford progeria syndrome (HGPS) is caused by a mutation of the LMNA gene
that activates a cryptic splice site. This results in expression of a truncated form of Lamin A, called progerin.
Accumulation of progerin in the nuclei of HGPS cells impairs nuclear functions and causes abnormal nuclear
morphology. Progerin accumulation has not only been described in HGPS, but also during normal intrinsic aging.
We hypothesized that accumulation of progerin with abnormal nuclear shapes may also be accelerated by UV
and with that contribute to photoaging of the skin. We exposed neonatal or aged cultured fibroblasts to single or
repeated doses of longwave or shortwave UV (UVA or UVB) and found that UVA, but not UVB, induces progerin
expression and HGPS-like abnormal nuclear shapes in all cells, but more in aged cells. The induction of progerin
is mediated by UVA-induced oxidative damage and subsequent alternative splicing of the LMNA transcript, as
progerin induction was suppressed by the singlet oxygen quencher sodium azide, and as mRNA expression of
LMNA was not induced by UVA. These data suggest a previously unreported pathway of photoaging and support
the concept that photoaging is at least in part a process of damage-accelerated intrinsic aging.
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INTRODUCTION
Patients with Hutchinson–Gilford progeria syndrome (HGPS)
suffer from premature aging of many organs and most
commonly die from cardiovascular disease in their second
decade of life (http://www.ncbi.nlm.nih.gov/books/NBK1121/).
The skin of these patients is also abnormal and characterized
by dermal fibrosis, dyspigmentations, alopecia, and loss of
subcutaneous fat (Mazereeuw-Hautier et al., 2007).
HGPS is caused by a mutation of the LMNA gene that
activates a cryptic splice site and subsequently the expression
of an abnormal and truncated form of Lamin A, called progerin
(Eriksson et al., 2003). The intermediate filament Lamin A is a
scaffolding protein of the nuclear membrane. Progerin lacks
the endoproteolytic cleavage site of pre-Lamin A needed for
correct maturation of Lamin A. As a consequence, it remains
farnesylated and is more tightly bound to the nuclear
membrane because of the resulting increased lipophilic
property (De Sandre-Giovannoli et al., 2003). Accumulation
of progerin has been shown to result in nuclei that are not only
shaped abnormally, but are also characterized by disrupted
nuclear functions, including altered histone modification
patterns, abnormal chromatin remodeling, impaired transport
through nuclear pores, reduced DNA repair capacity,
increased telomere shortening, and increased activation of
p53, resulting in a reduced cellular lifespan due to early
senescence (Scaffidi and Misteli, 2006; Busch et al., 2009;
Decker et al., 2009; Musich and Zou, 2009).
Progerin expression due to sporadic use of the cryptic splice
site in LMNA with HGPS-like abnormalities of nuclear shapes
and functions in old cells and the reversibility of these
abnormalities with inhibition of the splice site indicates that
progerin contributes to aging not only of HPGS cells, but also
of normal cells (Scaffidi and Misteli, 2006; McClintock et al.,
2007). This was confirmed by McClintock et al. (2007), who
reported increasing accumulation of progerin-expressing
cells in the skin with increasing age. Nevertheless, a role of
progerin in normal aging remains a matter of debate (Burtner
and Kennedy, 2010).
When describing aged skin, intrinsic aging is often differ-
entiated from photoaging. Changes of intrinsic aging are
those seen in chronically sun-protected areas, whereas the
additional effects of chronic sun exposure characterize photo-
aged skin (Uitto, 2008). Photoaging affects all compartments
of the skin, including the epidermis, the dermis, the
pigmentary system, the vasculature, and so on, and is also
accompanied by an increased skin cancer rate (Melnikova and
Ananthaswamy, 2005). Longwave UVA (315–400 nm) reaches
deeper into the dermis than UVB (280–315 nm) and has been
considered the main culprit for the prominent changes in the
dermal extracellular matrix in photoaged skin. This concept,
however, has been challenged, as UVB also reaches at least
into the upper dermis and can also induce dermal changes
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through epidermis-to-dermis signaling (Fagot et al., 2004;
Dong et al., 2008).
Some changes of photoaging are also observed in intrinsic
aging. For example, loss of dermal collagen is seen in both
intrinsically aged and photoaged skin, but is accelerated in the
latter. Yet, some features of photoaging are unique and not
seen in only intrinsically aged skin including, e.g., accumula-
tion of abnormal elastin in the superficial dermis (actinic
elastosis). These observations suggest that sun exposure–
induced cellular damage may accelerate processes that are
also involved in intrinsic aging, side by side with starting
processes that are not involved in intrinsic aging (Kosmadaki
and Gilchrest, 2004; Uitto, 2008).
Given that photoaging appears to be at least in part a
process of intrinsic aging accelerated by chronic sun exposure,
we hypothesized that expression and accumulation of the
aging-associated progerin and consequently a HGPS-like
cellular phenotype may be induced by UV light.
RESULTS
UVA induces progerin protein in cultured primary human
fibroblasts (Figure 1). This was seen after a single high dose of
UVA (Figure 1a) as well as after repeated low-dose irradia-
tions, which model chronic UV exposure (Figure 1b). The
induction of progerin with repeated low-dose UVA irradia-
tions was only seen in aged cells and not in neonatal
fibroblasts with low population doublings (‘‘young cells’’).
Aged cells included fibroblasts from older donors (‘‘aged
in vivo,’’ 50- and 77-year-old donors) and neonatal fibroblasts
serially passaged for extended periods of time (‘‘aged
in vitro’’). The induction of progerin was not higher in cells
from the 77-year-old donor as compared with cells from the
50-year-old donor. UVB did not induce progerin protein. All
of the UVA and UVB doses were only slightly toxic, with
480% of cells remaining viable 24 hours after irradiation.
Induction of progerin by repeated UVA exposures in aged
fibroblasts was also demonstrated by immunocytochemistry,
although not to the level that is seen in HGPS cells (Figure 1c).
Staining the nuclear membrane of UV-exposed cells
showed an increased fraction of cells with abnormal nuclear
morphology with invaginations, folding, and blebbing
(Figure 2a), similar to nuclear shapes seen in HGPS cells,
but not as frequent. This was again seen mostly with UVA, and
hardly with UVB. A small fraction of untreated cells also
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Figure 1. UVA induces progerin protein in young and aged fibroblasts. (a) Western blotting for Lamin A and C, which also detects splice variants of Lamin A,
including progerin, demonstrates induction of progerin by UVA, but not by UVB, in young cells (neonatal fibroblasts with low population doublings; shown is a
representative example of three repeat experiments with cells from the same donor). (b) Induction of progerin was also seen 2 weeks after five daily irradiations
with a lower dose of UVA (shown are representative examples of three independent experiments), but only in cells aged in vitro (neonatal fibroblasts cultured
for extended periods of time) and in cells aged in vivo (fibroblasts from older donors; shown here from a 50-year-old donor). (c) Immunocytochemistry with
an anti-progerin antibody demonstrates a weakly enhanced signal for progerin in the nuclei of fibroblasts grown on glass cover slips following UVA irradiation.
DAPI, 4’,6-diamidino-2-phenylindole; HGPS, Hutchinson–Gilford progeria syndrome. Bar¼10mm.
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showed these HGPS-like features. In aged cells, this fraction
was 2.1- to 2.5-fold higher than in young cells (Figure 2c–e).
This age-associated increase in the fraction of abnormally
shaped nuclei in untreated cells is even more notable with
severely abnormal nuclei (score 3) that are 13- to 15.7-fold
more frequent in the aged cells, consistent with a role of
progerin-mediated nuclear membrane abnormalities in the
normal aging process. Despite the higher baseline levels of
abnormal nuclei in the aged cells, UVA further increased this
fraction also in these cells to levels higher than in young cells
(Figure 2c–e).
Quantitative real-time PCR showed a 2.5- to 2.7-fold
induction of progerin mRNA at 8 hours after a single UVA
irradiation, which returned back to basal levels in young cells
within 24 hours (Figure 3a). Aged cells (aged in vitro and
in vivo) had similar baseline levels of progerin mRNA (n¼6
for each cell type; P¼ not significant), and also demonstrated
similar magnitudes of progerin inductions with UVA (n¼4 for
each cell type, UV dose, and time point; P¼not significant).
This induction of progerin mRNA by UVA does not reach the
level of progerin mRNA in HGPS cells, in which we found a
level of progerin mRNA that is 47.5-fold higher than in
untreated fibroblasts from normal donors.
In contrast to its splice-variant progerin, the Lamin A
transcript was not induced by both UVA (80 or 120 kJ m2)
and UVB (500 J m 2) at 8 or 24 hours after irradiation (n¼3
independent samples for each time point and UV dose,
P¼not significant). This indicates that the UVA-induced
upregulation of progerin mRNA and protein is caused by
UVA-induced alternative splicing of the LMNA transcript,
rather than by an upregulation of LMNA transcription. UVA-
induced induction of progerin protein is accompanied by loss
of Lamin A (Figure 1). As LMNA transcription is not affected
by UVA, this loss of Lamin A must be caused by UVA-induced
degradation of Lamin A.
Incubation with sodium azide (5 mM; nontoxic, as shown
using the WST8 assay), a quencher of singlet oxygen
(Wlaschek et al., 1997), during UVA irradiation completely
inhibited induction of progerin mRNA 24 hours after
irradiation with UVA (Figure 3b), whereas it did not affect
baseline progerin mRNA. This demonstrates that singlet oxy-
gen mediates the induction of progerin.
DISCUSSION
As progerin has been linked to normal aging, our findings that
UVA induces progerin mRNA and protein in dermal fibro-
blasts with subsequent abnormal nuclear shapes and presum-
ably abnormal nuclear functions suggests a so far
unrecognized mechanism by which UV light accelerates
aging of the skin. Although Scaffidi and Misteli (2006)
described that the aging phenotype in normal cells is
progerin dependent, they did not find, similar to our data,
an increased baseline level of progerin mRNA or protein in
aged cells, and hypothesized that a prolonged presence of
progerin in the nuclear membrane may be responsible for
the observed progerin-mediated cellular aging. In contrast,
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Figure 2. Repeated exposures to UVA induce Hutchinson–Gilford progeria syndrome (HGPS)-like abnormal nuclear shapes. (a) Staining of the nuclear
membrane with an antibody directed against Lamin A/C showed some cells with abnormally shaped nuclei in cells grown on glass cover slips. UVA and UVB
irradiations were repeated daily for 5 days and then cells were further incubated for 2 weeks. (b) Examples of cells with different degrees of abnormal shapes
and the scoring that was used to quantitate the abnormalities observed in sham-, UVA-, or UVB-irradiated fibroblasts or fibroblasts from a HGPS patient. Using this
scoring system, 100 cells from 10 different areas of the cover slips were scored: (c) young cells, (d) cells aged in vitro, and (e) cells aged in-vivo from a
50-year-old donor. Shown are average ratios±SD of three independent samples (two independent samples for 500 J m 2 UVB sample in d). *Po0.05; **Po0.01
(Student’s t-test). Bar¼ 10mm.
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McClintock et al. (2007) did find an increased progerin
expression in old skin. However, they did not study sun-
exposed and sun-protected skin separately, and all sites from
which they examined skin samples may have been chronically
UV exposed (McClintock et al., 2007). The increased progerin
expression in old skin may therefore not be the consequence
of intrinsic aging, but due to UVA-induced induction of
progerin, as described by us here. To our knowledge, it is
previously unreported that accumulation of progerin is
linked to extrinsic cellular damage. The extensive similarities
between intrinsically aged and photoaged skin have been
suggested before to be the result of shared pathways
(Kosmadaki and Gilchrest, 2004), and our findings support
this concept by demonstrating that UVA activates a pathway
that has so far only been implicated in intrinsic aging. With
that, at least some cellular aspects of photoaging can be
regarded as UV-induced accelerated intrinsic aging.
Different wavelengths of the solar UV spectrum have
different photophysical, photochemical, and photobiologic
effects (Krutmann, 2006; Ru¨nger and Kappes, 2008). As
UVB does not penetrate deep into the skin and only reaches
the upper portions of the dermis, UVA has long been thought
to cause most of the dermal changes in photoaged skin.
However, signaling between a UVB-exposed epidermis to a
relatively UVB-protected dermis has been shown to contribute
to UVB-induced changes of the dermal extracellular matrix
(Fagot et al., 2004; Dong et al., 2008). As discussed in the
Introduction, the limitation of UVB to penetrate deeper into
the dermis does not preclude it from causing changes in the
dermis. Nevertheless, wavelength dependence of cellular
effects may very well link a subset of the solar UV spectrum
to photoaging. Here we show that mostly UVA, but hardly
UVB, induces the aging-associated progerin, which may
implicate a particular role of UVA in photoaging through
this particular cellular effect.
Photochemical effects require the absorption of photons by
a cellular chromophore. Whereas UVB is predominantly
absorbed by DNA and RNA, additional chromophores med-
iate the effects of UVA (Ravanat et al., 2001). Through direct
excitation of DNA, UVB generates primarily pyrimidine
dimers (Ikehata and Ono, 2011). In contrast, while also
generating such photoproducts, UVA generates much more
oxidative DNA damage than UVB through photosensitized
reactions with chromophores other than DNA and generation
of singlet oxygen (Cadet et al., 2009). As UVB hardly
induces progerin, pyrimidine dimer type of DNA damage
can be excluded from being involved in the induction of
progerin. Oxidative damage to DNA or other cellular
components may thus explain the greater capability of UVA
to induce progerin.
Our findings indicate that UVA induces progerin through
alternative splicing of the LMNA transcript. DNA damage
induced by very shortwave ultraviolet light (UVC) has been
shown before to induce alternative splicing of several genes
involved, e.g., in the regulation of apoptosis and cell prolif-
eration (Nicholls et al., 2004; Chandler et al., 2006; Munoz
et al., 2009; Paronetto et al., 2011). Munoz et al. (2009)
described that UVC affects alternative splicing through
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Figure 3. UVA induces progerin mRNA in neonatal fibroblasts via generation of singlet oxygen. Shown are the ratios of progerin mRNA expressions
against sham-irradiated samples, as determined by Taqman real-time quantitative PCR, from three to four independent samples per experiment (averages±SD).
(a) Results of a representative example of three repeat experiments with young cells 8 and 24 hours after irradiation. (b) The singlet oxygen quencher sodium
azide (5 mM in phosphate-buffered saline (PBS); EMD, added to cells 10 minutes before and during irradiation, but not for the 24 hours after irradiation)
completely abrogates progerin induction in cells aged in vivo (50-year-old donor; representative example of two repeat experiments). *Po0.05; **Po0.01
(Student’s t-test).
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inhibition of RNA polymerase II elongation, and Paronetto
et al. (2011) implicated UVC-induced translocation of the
RNA- and DNA-binding Ewing sarcoma protein EWS in the
UVC-induced alternative splicing. To our knowledge, the
effects of UVA on alternative splicing have not been
reported yet.
Our data that quenching of singlet oxygen during UVA
irradiation completely inhibited induction of progerin mRNA
(Figure 3b) suggests that the UVA-induced alternative splicing
of the LMNA transcript is mediated by oxidative damage. The
7-base cryptic splice donor site in exon 11 of the LMNA gene
contains 5 guanines (Eriksson et al., 2003). As reactive oxygen
species modify mostly guanine residues (Ravanat et al., 2001)
to form, e.g., 8-hydroxyguanine, it is conceivable that
oxidation of these multiple guanines can activate this cryptic
splice site.
Misincorporation of adenine opposite of 8-hydroxyguanine
in DNA would change the pre-RNA sequence, but would
actually decrease, and not increase, the match with the
published splice donor consensus sequence (Eriksson et al.,
2003). This excludes oxidative DNA damage at this particular
site as a mechanism by which UVA induces alternative splic-
ing of the LMNA transcript. The fact that we used growth-
arrested cells further excludes this possibility, because
misincorporation of adenine would require DNA replication.
Alternatively, oxidative guanine modifications on the pre-
mRNA may promote splicing, e.g., by affecting binding of
spliceosome proteins to the cryptic splice donor site. RNA
damage, in particular oxidative RNA damage, has been
suggested before to alter gene expression (Nunomura et al.,
2012), but such effects have, to our knowledge, not been
linked to splicing in particular. The suggestion that the
induction of progerin by UVA is mediated by UVA-induced
oxidative RNA damage is in line with the reactive oxygen
species hypothesis of aging, in which intrinsically or
extrinsically generated reactive oxygen species mediate age-
associated declines of cellular functions (Sohal and Orr,
2011). However, other mechanisms of promoting alternative
splicing, e.g., those described for UVC (Nicholls et al., 2004;
Chandler et al., 2006; Munoz et al., 2009; Paronetto et al.,
2011), may also be involved with UVA.
Accumulation of progerin has been shown to affect
many aspects of cellular damage responses, including, e.g.,
DNA repair and damage signaling (Musich and Zou, 2009).
Here we show that UVA-induced cell damage induces
progerin. This suggests that repeated UV exposures may
feed into a spiral where UV-induced damage is met by
decreasing cellular defenses, resulting in acceleration of
cellular deterioration with repeated exposures over time and
finally an aged phenotype. As accumulation of progerin is also
implicated in cellular senescence, the beneficial effect of this
vicious cycle may be a protection against hyperproliferation
and cancer.
MATERIALS AND METHODS
Cells
Primary human dermal fibroblasts were established from dermal
explants of one neonatal foreskin or adult skin (facial skin from
50- and 77-year-old donors) and grown using standard protocols
(Stanulis-Praeger and Gilchrest, 1989). Primary fibroblasts from the
upper anterior thigh of a 8-year-old HGPS patient were purchased
from Coriell Cell Repositories (Camden, NJ). For all experiments, cells
were growth-arrested by serum deprivation (serum-free medium for 1
day, followed by medium supplemented with 0.1% calf serum). In
order to model aging, fibroblasts with different aging status were used:
neonatal fibroblasts with low passage numbers (o14 population
doublings; ‘‘young cells’’), neonatal fibroblasts with high passage
numbers (435 population doublings; ‘‘cells aged in vitro’’), and
fibroblasts from adult donors (450 years old; ‘‘aged in vivo’’).
Population doublings were determined at every cell passing.
We chose dermal fibroblasts as our model system. These cells have
a very low proliferation rate in vivo at normal dermal steady-state
homeostasis, and consequently fibroblasts with progerin-induced
senescence may persist for long periods of time. In contrast, with
the exception of epidermal stem cells, progerin-positive keratinocytes
would be eliminated quickly in the rapidly proliferating epidermis
and not persist long. This is supported by McClintock et al. (2007),
who found progerin expression only in the dermis of old skin and in a
subset of terminally differentiated epidermal keratinocytes. In order to
better mimic the nonproliferating status of fibroblasts in vivo, we
irradiated only growth-arrested fibroblasts. The use of growth-arrested
cells also prevents selection against progerin-accumulating cells in
culture, as nonarrested fibroblasts do proliferate quite rapidly in
culture, whereas progerin-positive fibroblasts do not. In addition,
fibroblasts play important roles in the maintenance of the homeostasis
of the dermal extracellular matrix and its dysregulation in photoaging
including, e.g., the loss of collagen and deposition of abnormal
elastin.
Irradiations with UVA and UVB
Growth-arrested cells were irradiated either once or repeatedly once
a day for 1 week. For irradiation with UVA, we used a 2-kW metal
halogenide UVA lamp (SELLAS Sunlight, Ennepetal, Germany)
equipped with an infrared filter. The emission spectrum of this lamp
ranges from 335 to 440 nm and has an emission maximum at 375 nm
(Kappes et al., 2006). A solar simulator (Kratos Analytical, Ramsey,
NJ) was used for UVB irradiations. All irradiations were done with the
tissue culture plates touching a room temperature water bath in order
to prevent excessive heating of cells above 37 1C during irradiation.
Detection of progerin
An anti-Lamin A/C antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), known to detect Lamin A, D10 Lamin A (splice variant of
LMNA), progerin, and Lamin C, was used for detection of progerin
protein by western blotting, and a progerin-specific antibody (Abcam,
Cambridge, MA) in combination with a Rhodamine-conjugated
secondary anti-mouse antibody (Jackson ImmunoResearch Labora-
tories, West Grove, PA) was used for detection of progerin protein by
immunocytochemistry. Taqman quantitative real-time PCR was used
for detection of progerin mRNA. Messenger RNA was extracted using
RNeasy Mini Kit Plus (Qiagen, Valencia, CA). The Taqman probe
was as described by Rodriguez et al. (2009). The forward primer was
50-ACTGCAGCAGCTCGGGG-30, and the reverse primer was 50-GG
CTCTGGGCTCCTGAGCC-30. Taqman PCR enzyme mix as well as
primers and probe for actin as internal control were purchased from
Life Technologies (Grand Island, NY).
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Evaluation of nuclear shapes
Immunocytochemistry with an anti-Lamin A/C antibody (Santa Cruz
Biotechnology) and an Alexa Fluor 488–conjugated anti-goat IgG
antibody (Jackson ImmunoResearch Laboratories) as secondary anti-
body was used to stain nuclear membranes. The abnormalities of
observed nuclear shapes were graded using a visual, semiquantitative
scale.
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